INTRODUCTION

We used thermochemical equilibrium calculations to predict
Water vapor, present at 30-45 parts per million by volstabilities of pure rock-forming hydrous silicates on Venus' ume (ppmv) in Venus' subcloud atmosphere (Drossart surface as a function of elevation, atmospheric H 2 O and SO 2 concentrations, and oxygen fugacity (f O 2 ). About 50 different et al. 1993; DeBergh et al. 1995 ; Meadhydrous silicates were included in our calculations. We find ows and Crisp 1996; Ignatiev et al. 1997) , is one of the three that many of these are unstable on Venus's surface because of most important greenhouse gases (CO 2 , H 2 O, SO 2 ) in the the low atmospheric H 2 O content of 30-45 parts per million present-day atmosphere of Venus. Water vapor is also the by volume (ppmv) and the high surface temperatures (660 K major reservoir of hydrogen in the lower atmosphere, and on Maxwell Montes to 740 K in the plains). Hydrous Fe 2؉ -is an important reactant in chemical weathering reactions bearing silicates are unstable due to oxidation to magnetite that probably control the atmospheric abundances of HCl and/or hematite at the f O 2 of the near-surface atmosphere. Caand HF on Venus. At present and during the past, loss of bearing hydrous silicates are unstable because of sulfatization to anhydrite. Some Fe-free micas (e.g., eastonite, eastonite-water from Venus, via oxidation of the surface and hydrophlogopite micas), and some alkali amphiboles might be stable gen escape to space, has been important in influencing the on Venus' surface, especially in the lower temperature high-oxidation state of the atmosphere and surface. At suffilands. We discuss hydrous mineral formation in the interior ciently high abundances, water vapor also participates in and on the surface of Venus. We review the literature on mica chemical weathering reactions leading to the formation of and amphibole thermal decomposition and find that dehydrahydrous minerals on Venus's surface.
tion of phlogopitic micas and fibrous amphiboles produces
Information about the presence (or absence) of hydrous (metastable) dehydroxylated anhydrides that decompose to more stable minerals at temperatures hundreds of degrees minerals and OH-bearing nominally anhydrous minerals higher than the onset of dehydroxylation. These observations on Venus's surface is important to understanding the presraise the possibility that anhydrides formed from hydrous sili-ent and past atmospheric-lithospheric water cycle and wacates, which may have been present during a wetter period ter inventory on Venus, the petrology of convergent marin Venus' history, may persist somewhere on Venus' present gins of lithospheric blocks, the generation and physical surface. We discuss experiments that could be used on future properties of magmas, the atmospheric D/H ratio, the staspacecraft missions to detect hydroxyl in rocks and hydrous bility of Venus's current climate and its evolution, the rate silicates on Venus. Finally, we review estimates of the amount of water outgassing from volcanism, the supply of water because of high surface temperatures and the low atmoThe microwave emissivity data and derived dielectric constants from the Pioneer Venus, Venera 15/16, and Maspheric water vapor pressure, hydration of surface rocks was plausibly much more important in the past during a gellan orbiters likewise provide no data about the possible presence of hydrous silicates on the surface. The radar wetter era of Venus's history. The observed HDO/H 2 O ratio corresponds to D/H ȁ1.9-2.5% and to an enhance-imaging from these spacecraft indirectly suggests a currently ''dry'' lithosphere because of the lack of water rement of ȁ120-160 times the terrestrial value of 1.6 ϫ 10
Ϫ4
, the ratio in Standard Mean Ocean Water (SMOW) lated geologic landforms, the paucity of Earth-like convergent margins, and the lack of evidence for ongoing plate (DeBergh et al. 1991; Bjoraker et al. 1992) . This enhancement suggests that earlier in its history, Venus had at least tectonics. Magellan radar images show little evidence for pyroclastic volcanic activity (Head et al. 1992 ) that might 0.1% as much water as found in Earth's oceans, and plausibly much more (Donahue et al. 1982; Donahue 1995) . suggest water-bearing volcanic gases. On the other hand, the layered morphology and low density of rock at the Whether or not all of this water was lost to space or some of it was transported into Venus's interior is still unknown. Venera 9, 10, 13, and 14 landing sites have been interpreted in terms of volcanic ash deposits (Florensky et al. 1983 ; However, a first order mass balance calculation shows it is unlikely that atmospheric water vapor represents Ve-Nikolayeva 1989) . Water is the most plausible candidate to provide pyroclastic eruptions on Venus (Head and Wilson nus's total water inventory today. Taking 30 ppmv H 2 O in Venus's atmosphere gives a total water abundance of 1986; Thornhill 1993). If so, then some fraction of the water outgassed volcanically could originate from dehydration ȁ6 ϫ 10 15 kg, while only 1 nanogram/gram water in the silicate fraction of Venus (taken here as 70% of the total of hydrous minerals recycled through the lithosphere (as on Earth where most outgassed water is recycled). But mass) gives ȁ3 ϫ 10 15 kg water, equal to 50% of the atmospheric inventory. In comparison, geophysical and geo-overall it is fair to say that the available geological and geochemical data sets neither strongly support nor rule chemical estimates for the water content of Venus's mantle and magmas are a few to a few tens of micrograms H 2 O out the presence of hydrous silicates in Venus's interior or on its surface. per gram rock (Namiki 1995; Grinspoon 1993) , giving 500-5,000 times more water inside Venus than is observed in However, observations of water vapor in Venus's atmosphere, coupled with the concept that atmosphere-surface the atmosphere. Therefore, the atmosphere contains only a small fraction of Venus' total water inventory.
reactions occur at the temperatures (660-740 K) and pressures (96-48 bars) at Venus's surface allow us to address What do we know about the presence (or absence) of hydrous silicates and OH-bearing nominally anhydrous the question of hydrous silicate stability using thermochemical equilibrium calculations. This approach has been minerals on the surface of Venus? Despite the wealth of information returned by US (Mariner, Pioneer Venus used by a number of workers and it is instructive to review the prior results before proceeding with our discussion. (PV), Galileo, Magellan) and Russian (Venera, Vega) space missions to Venus over the past 35 yr, we still possess
The presence of hydrous silicates on Venus's surface was probably first suggested by Rupert Wildt. Based on no direct information about the mineralogy of Venus's surface. The elemental analyses obtained by X-ray fluo-the estimated CO 2 abundance on Venus, Wildt (1940) concluded that Venus's surface temperature ''appears to be rescence (XRF) experiments at the Venera 13 and 14 and Vega 2 landing sites, like the Viking XRF experiments, do higher than the terrestrial boiling point of water. '' Shortly thereafter, Wildt (1942) proposed that the major reservoir not give results for elements lighter than Mg and hence provide no data on the hydrogen content of Venus's sur-of water on Venus must be hydrous silicates because of Venus's high surface temperature and the apparent abface. Some petrologic interpretations of the mineralogies calculated from the XRF analyses suggest derivation of sence of atmospheric water vapor. However, Wildt's suggestion was not pursued until two decades later, after the magmas by partial melting in a water-bearing mantle (Barsukov 1992) . However, Kargel et al. (1993) attribute the Mariner 2 flyby showed Venus's high surface temperature and Bottema et al. (1964) discovered water vapor in Vemafic alkaline character of Venus's crust to magma formation in a generally anhydrous, carbonated mantle.
nus's atmosphere. Mueller (1964) assumed that the water vapor content above the clouds was representative of that Spectral reflectance data at the Venera 9 and 10 landing sites (Golovin et al. 1983 ) cover the 0.4-1.06 Ȑm range at the surface and used Bottema et al.'s data to set an upper limit of 10-100 ppmv water vapor at Venus's surface. and do not reach the longer wavelength IR region where mineral OH and H 2 O absorption bands occur. Earth-based Mueller (1964 ) realized, like Wildt (1942 , that only hydrous silicates with high thermal stability could possibly IR observations of Venus's lower atmosphere reach the surface, but only around 1 Ȑm where no hydrous mineral be stable under such conditions and suggested amphiboles or micas, in particular phlogopite, as likely candidates. bands occur. However, the Earth-based observations give data on the atmospheric water vapor abundance (Meadows A few years later, Lewis developed the concept that Venus's atmospheric composition was buffered by gasand Crisp 1996).
TABLE I
sphere provide data on the water vapor abundance from Prior Studies about Hydrous Silicates on Venus ȁ0 to 40 km altitude (Drossart et al. 1993; DeBergh et al. 1995; Meadows and Crisp 1996) . The PV mass spectrometer data (Donahue and Hodges 1993) and the recently reevaluated Venera 11, 13, and 14 spectrophotometer data (Ignatiev et al. 1997) give water vapor abundances in good agreement with these spectroscopic data. Also, recently published results from the Vega 1/2 missions give information on the SO 2 abundance down to 12 km altitude (Bertaux et al. 1996) , which is important for calculating the stability of Ca-bearing hydrous silicates, which can react to form anhydrite (CaSO 4 ). Another motivation is the availability of new thermodynamic data for hydrous silicates and their dehydration products (e.g., Robie and Hemingway 1995). Finally, the ongoing development of visible-IR spectroscopy, X-ray diffraction, and Mö ssbauer spectroscopy experiments for new lander, penetrator, and automated balloon missions to Venus requires firm predictions of surface mineralogy for optimizing these experiments.
In the rest of this paper we first present our results for hydrous silicate stability and then compare them with prior work by other groups. Next we discuss formation and decomposition of hydrous silicates on Venus's surface and interior. After that we review the literature on dehydration kinetics and mechanisms for micas and amphiboles. We then discuss the implications of our results for the design and optimization of geochemical experiments for detecting hydrous minerals and OH in minerals on future spacecraft missions to Venus. Finally, we briefly review data on water in the Earth's mantle and discuss the amount of water in the silicate portion of Venus.
ATMOSPHERIC STRUCTURE AND
solid reactions and used it in a series of papers to predict COMPOSITION MODEL the mineralogy of Venus's surface (Lewis 1968 (Lewis , 1970 Lewis and Kreimendahl 1980; Nozette and Lewis 1982) . A similar
The Venus International Reference Atmosphere (VIRA) model (Seiff et al. 1986) for the variation of temapproach was taken by a group at the Vernadsky Institute in Russia in order to interpret results from the Venera perature and pressure with altitude in the lower atmosphere of Venus was used in our calculations. The zero and Vega missions to Venus (Khodakovsky et al. 1979a,b; Barsukov et al. 1980 Barsukov et al. , 1982 Volkov et al. level in the VIRA model corresponds to a planetary radius of 6052.0 km (735.3 K, 92.1 bars), which is 0.6 km above the 1986). However, problems with unavailable or unreliable thermodynamic data for hydrous minerals, uncertainty modal planetary radius of 6051.4 km (Ford and Pettengill 1992) . Our results are presented for the modal radius (740 about the actual water vapor content of Venus' subcloud atmosphere, and uncertainty about an apparent decrease in K, 95.6 bars) and for the upper part of Maxwell Montes (660 K, 48 bars), part of the highest mountain range on water vapor toward the surface led to a series of sometimes contradictory predictions about which (if any) hydrous Venus, which has a maximum elevation about 10.4 km above the modal radius. minerals were stable on Venus's surface, and the roles played by hydrous minerals in buffering atmospheric water Water vapor, SO 2 , and O 2 are the three most important gases in our calculations because they are involved in vapor or in acting as a water vapor sink (see Table 1 ).
Several recent developments led us to reexamine the hydration/dehydration, sulfatization, and oxidation of hydrous silicates. We take 30 ppmv as the nominal water question of whether or not any hydrous silicates are present on Venus's surface. First, the Earth-based and Galileo vapor mixing ratio, with an uncertainty range of 15-70 ppmv, based on the Earth-based and Galileo IR observaspacecraft IR observations of Venus's subcloud atmo-tions of Venus's lower atmosphere (Drossart et al. 1993; conditions (e.g., Fegley and Treiman 1992) . Thus, we considered four types of reactions in our thermodynamic calcu- DeBergh et al. 1995; Meadows and Crisp 1996) , on the PV mass spectrometer data (Donahue lations: and Hodges 1993), and on the Venera 11, 13, 14 spectro-(A) Simple dehydration reactions exemplified by the photometer data (Ignatiev et al. 1997 1980; Gel'man et al. 1979) , on the Vega 1/2 UV spectroscopy measurements (Bertaux et al. 1996) , and on the Earthbased IR observations in the 2.3 Ȑm window (Pollack et al. were considered for all hydrous silicates (Table IV) . 1993). At 740 K we take a nominal oxygen fugacity (f O 2 ) (B) Complex dehydration reactions, exemplified by the of 10 Ϫ20.8 bars with uncertainties ranging from 10 Ϫ21.7 to dehydration of phlogopite, 10 Ϫ20 bar, from our study of the oxidation state of Venus's surface and atmosphere 
AND CALCULATIONS
Thermodynamic data for minerals and gases. Table II were considered only for some key hydrous silicates belists the hydrous minerals included in our calculations, the cause these reactions require cation exchange between two standard Gibbs free energies of formation (⌬ f GЊ) at 740 K, minerals. This cation exchange is probably slow (at Venus and the thermodynamic data sources used. We considered surface temperatures) in the absence of a fluid phase and all hydrous silicates, in particular amphiboles and micas, complex dehydration reactions may not be important on for which we found thermodynamic data. Highly hydrous Venus's surface. (However, the effects of supercritical CO 2 minerals, such as clays and hydroxides were not included on the rates of complex dehydration reactions need to be because they are known to be unstable at Venus surface studied experimentally.) temperatures and water vapor pressures. The other miner-(C) Coupled oxidation and dehydration reactions, exals and gases included in the calculations and their standard emplified by riebeckite decomposition, Gibbs free energies of formation (⌬ f GЊ) at 740 K are listed in Table III (and/or OH) ϩ 4SiO 2 (quartz) ϩ H 2 O (g), and decompose to other minerals plus water vapor because of the high temperature and low water vapor partial pres-were also considered, in addition to simple dehydration, sure. We call this overall process dehydration. In contrast, for Fe 2ϩ -bearing hydrous silicates (Table V) . This was done dehydroxylation is the loss of structural water and/or hy-because fayalite (Fe 2 SiO 4 ), a possible breakdown product droxyl groups with the formation of the anhydrous mineral of Fe 2ϩ -bearing hydrous silicates, is unstable on Venus's (its anhydride) without decomposition to the thermody-surface, which is at the f O 2 of the magnetite-hematite phase namically stable products. Dehydroxylation is one step boundary (Zolotov 1996; Fegley et al. 1997) . during dehydration and cannot be predicted using thermo-(D) Coupled sulfatization and dehydration, exemplified dynamic calculations because thermodynamic data are un-by tremolite decomposition, available for the (metastable) anhydrides produced. We discuss dehydroxylation reactions later. -bearing minerals, ϩ 3SiO 2 (quartz) ϩ H 2 O (g), and Ca-bearing hydrous silicates can react with SO 2 to form anhydrite (CaSO 4 ). We refer to the reaction of a mineral with SO 2 (to form anhydrite) as sulfatization. One were also considered, in addition to simple dehydration, for Ca-bearing hydrous silicates ( Robie and Hemingway (1995) . B: Barton (1982) . HP: Holland and Powell (1990) . H: Holdaway et al. (1995) . G: Ghiorso et al. (1995) . CN: Circone and Navrotsky (1992) . TW: based on scheme of Miyano and Klein (1983) and data for acmite from Robie and Hemingway (1995 
Thermodynamic Data for Additional Substances Included in the Calculations
a and the equilibrium constant (K eq ) for each dehydration reaction was then calculated from
where R is the ideal gas constant and T is temperature in kelvin. The equilibrium water vapor fugacity (f H 2 O ) was then calculated from K eq for each reaction. Because we are considering reactions of pure, crystalline minerals, the thermodynamic activities of all solids are unity and the equilibrium constant expressions involve only gases. In the case of simple dehydration (type A) and complex dehydration reactions (type B) the equilibrium constant expressions involve only water vapor. Taking reaction (1), eastonite dehydration, as an example,
where K 1 is the equilibrium constant for reaction (1). The equilibrium constant expressions for coupled oxidationdehydration reactions (type C) involve both O 2 and water. The f H 2 O for riebeckite oxidation is thus given by
where f O 2 is the oxygen fugacity. The equilibrium constant expressions for coupled sulfatization-dehydration reactions (type D) involve both SO 2 and water, and in the case of reaction (4), tremolite sulfatization-dehydration,
where f SO 2 is the SO 2 fugacity. Analogous equations were used to calculate the f H 2 O values for all of the reactions in Tables IV-VI . The uncertainties in the f H 2 O values were calculated next.
a Thermodynamic data are from Robie and Hemingway (1995) .
The dispersion (ͳ⌬ r G) in the ⌬ r G at 298.15 K for each dehydration reaction is
We generally used laboratory phase equilibrium studies
(10) of hydrous silicate dehydration and field observations of partially reacted mineral assemblages to choose the simple where d i is the number of moles of i (reactant and product) and complex dehydration reactions that we included in involved in the reaction and E i is the tabulated 2 error our reaction list. Where no laboratory studies or field obin the ⌬ f GЊ for each reactant and product at 298.15 K. We servations were available, we wrote down and calculated used Eq. (6) to compute the corresponding error in K eq at several possible dehydration reactions and picked the ones 700 K, the middle of the 660-740 K range, by assuming with the more stable reaction products. To save space, the that ͳ⌬ r G is the same as at 298.15 K. (This assumption reactions in Tables IV-VI are written using the mineral is made because the errors in ⌬ f GЊ values are generally name abbreviations listed in Tables II and III. available only at 298.15 K, and not at higher temperatures.) The thermodynamic calculations were done as follows.
The uncertainty in f H 2 O was then calculated from the equiThe Gibbs free energy change (⌬ r G ) for each dehydration reaction was calculated from librium constant expression for each reaction. 
TABLE VI Equilibrium Water Fugacities for Sulfatization of Hydrous
Ca-Bearing Minerals on the Surface of Venus The next step was to compare the calculated equilibrium water fugacity for each dehydration reaction to the corresponding atmospheric water vapor partial pressure on Venus. We assume that partial pressures of gases in Venus's atmosphere are equal to fugacities, that is ideal gas behavior. This has been done by other workers and is justified because deviations from ideality are ȁ1% (Fegley and Treiman 1992) . The atmospheric water vapor partial pressure on Venus is about 3 millibar (log P H 2 O ϭ Ϫ2.54) at 740 K (modal radius) and about 1 millibar (log P H 2 O ϭ Ϫ2.84) at 660 K (on Maxwell Montes) for the nominal water vapor concentration of 30 ppmv. A hydrous silicate is stable if the equilibrium water fugacity is less than or equal to the atmospheric water vapor partial pressure and is unstable if the reverse is true.
RESULTS
Tables IV-VI list the calculated equilibrium water vapor fugacities in order of decreasing stability (i.e., most stable minerals listed first). The coupled oxidation-dehydration reactions and the coupled sulfatization-dehydration reactions were only calculated for the modal radius (740 K) because the oxygen fugacity in the highland regions is uncertain due to quenching of gas phase equilibria at higher temperatures in the lowlands potential and it is much less abundant than other micas, ideal formula KMg 3 AlSi 3 O 10 (OH) 2 and is one end-member of a solid solution series involving F-OH, Fe-Mg, and even though the terrestrial continental crust is Al-enriched. However, our results also show that micas along the easton-Al-(Mg,Si) substitution. Phlogopite nominally requires ȁ230 ppmv water (660 K) or ȁ1440 ppmv water (740 ite-phlogopite join (micas formed by Al substitution into phlogopite) are also predicted to be stable on Venus (Zolo-K) to be stable on Venus. However, within the formal uncertainties of the thermodynamic data, the equilibrium tov et al. 1997). Thus, eastonite-phlogopite micas are potential hydrous phases on Venus's surface.
water values range from ȁ100 to 520 ppmv (660 K) and ȁ630 to 3310 ppmv (740 K (OH) 2 , are al-be stable in the highlands if atmospheric water vapor were ȁ3 to ȁ15 times higher than observed at present. As diskali amphiboles. The calculated range, although not the nominal value, for pargasite's equilibrium f H 2 O overlaps cussed by (OH) 2 , is an Fe 3ϩ -bearing alkali amphibole. It needs ȁ720 (70-7740) ppmv water at 660 K or other anhydrous minerals, and water vapor, while oxidation will convert riebeckite to hematite, other anhydrous ȁ4170 (390-44,700) ppmv water at 740 K to be stable on Venus. Magnesioriebeckite is not subject to oxidation or minerals, and water vapor.
Three other minerals, although calculated to be unstable attack by SO 2 and phase equilibrium data (Ernst 1960) show that it is stable over broad temperature, f H 2 O , and on Venus' surface, deserve mention. Phlogopite has the f O 2 ranges. Only magnesiohastingsite and richterite have higher thermal stabilities (Gilbert et al. 1982) , but no thermodynamic data are available for these two amphiboles.
Complex dehydration reactions. These equilibria are important in terrestrial metamorphic reactions (Deer et al. 1963 The equilibrium water vapor fugacities are 6.6, 0.33, 17.0, at the surface of Venus. The horizontal dashed line shows the oxygen and 22.4 bar, respectively, for reactions (2), (11), (12) and fugacity at the magnetite-hematite phase boundary calculated from the data of Robie and Hemingway (1995) . The reactions plotted are equations (13). These values are higher than those in Table IV with other minerals are considered. We did not consider other complex dehydration reactions because cation diffusion is probably so slow at Venus surface temperatures dehydration equilibria in the highlands are hindered by that hydrous minerals will decompose faster by water loss, uncertainties in the atmospheric oxygen fugacity in this oxidation, or sulfatization by atmospheric SO 2 than by region. Because gas phase equilibria are apparently complex dehydration reactions involving other minerals quenched at or close to 730 K , the on the surface. However, the lower temperatures in the f O 2 in the cooler highlands cannot be calculated easily. The venusian highlands make these regions more favorable lower limit to the atmospheric f O 2 at 660 K in the highlands overall for hydrous minerals because the minerals are ther-is 10 Ϫ24.7 bar (Zolotov 1996; Fegley et al. 1997 ), but Fe 2ϩ -modynamically more stable at the lower temperatures and bearing hydrous silicates are unstable even at this f O 2 and their decomposition rates (by dehydration, oxidation, or need lower oxygen fugacities to be stable. sulfatization) will be slower than in the hotter lowlands.
Coupled sulfatization-dehydration reactions. Table VI lists the equilibrium water vapor fugacities for coupled Coupled oxidation-dehydration reactions. All Fe 2ϩ -bearing hydrous silicates on Venus' surface are also subject sulfatization-dehydration reactions of Ca-bearing hydrous silicates. The results are presented graphically in Figs. 3a-to oxidation because the f O 2 at Venus's surface, while still quite low, is sufficiently oxidizing for hematite to exist 3c. We find that the stability fields of all of these minerals are far from present conditions on Venus's surface, even (Pieters et al. 1986; Zolotov 1996; Fegley et al. 1997) . The results of our calculations for simple dehydration reactions when the uncertainties in the thermodynamic data, and gas abundances are taken into account. At the modal radius (Table IV) and coupled oxidation-dehydration reactions (Table V) show that stabilities of all Fe 2ϩ -bearing hydrous (740 K), Ca-bearing hydrous silicates require either Ͻ1 ppmv SO 2 at the oxygen fugacity of 10 Ϫ20.8 bar or f O 2 Ͻ silicates are decreased when oxidation reactions are considered: the present atmosphere is too oxidizing for these 10 Ϫ25 bars at an SO 2 abundance of 130 ppmv. The Cabearing hydrous silicates are also unstable in the highlands. minerals to be stable. This situation is illustrated in Fig. 2 for the modal radius (740 K). All the Fe 2ϩ -bearing hydrous Thermodynamically, SO 2 decreases significantly the stability of Ca-bearing hydrous silicates because of the greater silicate stability fields lie in the bottom region of the graph at oxygen fugacities several orders of magnitude below the stability of anhydrite. However, the reaction rates involved need to be measured in the laboratory. range for Venus. Calculations of coupled oxidation- Table II 
DISCUSSION
( Mueller 1964; Lewis 1970; Khodakovsky et al. 1979a,b; Lewis and Kreimendahl 1980; Nozette and Lewis 1982) . We find that most hydrous silicates are unstable on Phlogopite on Venus? We find that pure phlogopite is Venus and that only a few micas and amphiboles are possiunstable on Venus, although the thermodynamic data are bly stable, probably in the cooler highlands. Our conclusufficiently uncertain that 100 ppmv water vapor may be sions broadly agree with earlier suggestions that mica and enough to stabilize phlogopite at 660 K on Maxwell. This amphibole solid solutions were the only hydrous silicates is about twice as large as the 45 ppmv water vapor derived that could be stable, and that these minerals were probably by Meadows and Crisp (1996) for Venus's near-surface found only in the highlands (Fegley and Treiman 1992;  atmosphere, and about three times higher than the nominal Zolotov and Volkov 1992) . However, tremolite and phlogvalue of 30 ppmv used here. Earlier, Fegley and Treiman opite, although unstable, are worthy of discussion because they are frequently suggested as being present on Venus (1992) also concluded that pure phlogopite was unstable, requiring 1060 ppmv water at 740 K and 125 ppmv water results confirm their conclusion that tremolite is unstable on Venus. at 663 K. However, the uncertainties in thermodynamic data from different compilations showed surprisingly large We also calculate that atmospheric SO 2 on Venus will attack tremolite and convert it to anhydrite, other anhydifferences, corresponding to ranges of 500-2200 ppmv water at 740 K and 55-280 ppmv water at 663 K for phlogo-drous minerals, and water vapor. Sulfatization of Ca-bearing hydrous silicates should occur on Venus because it is pite stability (Fegley and Treiman 1992) . Reactions of phlogopite with quartz (reaction 2) and enstatite (reaction thermodynamically favorable and SO 2 -CO 2 gas mixtures react with calcite and diopside in the laboratory (Fegley 11) make it even more unstable. However, even though quartz and enstatite may be present on Venus's surface, and Prinn 1989). However, the rate of tremolite sulfatization has not been measured, so we do not know if dehydrareactions (2) and (11), and similar dehydration equilibria are probably unimportant because of slow cationic diffu-tion is faster than sulfatization or if the two reactions proceed concurrently. sion rates at Venus surface temperatures.
At present, phlogopite thermodynamic data are still Other amphiboles. Earlier we discussed our results for fairly uncertain, especially as a function of the Al-Si order-three alkali amphiboles: pargasite, edenite, and magnesioing state. We used the data of Circone and Navrotsky riebeckite. All three may be stable against dehydration (1992) which suggest a zero enthalpy of ordering, but Robie within the uncertainties of the thermodynamic data. Howand Hemingway (1984 , 1995 use 20 kJ mol Ϫ1 for the order-ever, the venusian atmosphere is too oxidizing for riebecking enthalpy. The Robie and Hemingway (1995) data make ite to be stable. We obtain the same result for crocidolite, phlogopite (ordered and disordered) more stable than cal-the fibrous form of riebeckite, using the data of Bennington culated here. et al. (1978) . In general, our calculated dehydration reacWe also studied the effects of Fe-Mg, F-OH, and Al-tions, petrologic phase equilibria (Gilbert et al. 1982) , and (Mg,Si) substitutions on phlogopite and eastonite stability natural assemblages (Deer et al. 1963) indicate that alkali because these micas are end-members in solid solutions amphiboles are very stable against dehydration and hence involving these substitutions . Substitu-are the most likely hydrous minerals to be stable on Vetion of Fe 2ϩ for Mg 2ϩ along the phlogopite-annite join nus's surface. However, predictions of amphibole stability and along the eastonite-siderophyllite join decreases mica on Venus are difficult for several reasons. stability. Neither phlogopite-annite nor annite-siderFirst, the existing thermodynamic data for pure amphiophyllite solid solutions are stable, but it is reasonable to boles are sufficiently uncertain that the equilibrium water expect some amount of siderophyllite (i.e., Fe 2ϩ ) solubility vapor fugacities vary over wide ranges. Gibbs free energy in eastonite, if the latter is found on Venus. Substitution data obtained from hydrothermal bomb experiments done of F Ϫ for OH Ϫ along the phlogopite-fluorphlogopite join at higher temperatures and high water pressures need to and substitution of Al 3ϩ for Mg 2ϩ and Si 4ϩ along the phlogo-be extrapolated downward to Venus temperatures and pite-eastonite join increases mica stability. So, some phlo-pressures. Calorimetric measurements of enthalpies and gopitic micas could be stable on Venus, mainly in the cooler heat capacities for reactants and products span Venus temhighlands regions.
peratures, but the calculated Gibbs free energies of reaction have high formal uncertainties. For example, thermoTremolite on Venus? Tremolite is unstable on Venus for two reasons. First, the atmospheric water vapor pres-dynamic data taken from Holland and Powell (1990) for several amphiboles (e.g., edenite, ferrohornblende, and sure on Venus is lower than the equilibrium water fugacity for tremolite. To be stable, tremolite needs 6.6% water magnesioriebeckite) and some other hydrous minerals are characterized by them as preliminary. No experimental vapor at 740 K and 1.5% at 660 K (Table V) , much larger than the 30 ppmv water vapor in the atmosphere. Using data on amphibole dehydration are available for Venus surface temperatures, pressures, and water vapor concenthermodynamic data from Robie et al. (1979) , Fegley and Treiman (1992) calculated that tremolite needed 915 ppmv trations. There is a wide gap between the petrologic phase equilibria in hydrothermal bombs and Venus surface conat 740 K and 150 ppmv at 663 K. These values are larger than the 20 ppmv atmospheric water vapor used in their ditions that needs to be filled by other types of experiments.
Second, thermodynamic data are still unavailable for paper. However, within the uncertainties of the Robie et al. (1979) data, Fegley and Treiman (1992) OH, F) 2 ) is a common amphibole in mantle xenoliths on Earth and has high thermal stability. However, no thermodynamic data are available to calculate kaersutite stability against dehydration, oxidation, and sulfatization on Venus. The Ca-free amphibole ''magnesiorichterite'' (Na 2 Mg 6 Si 8 O 22 (OH) 2 ) should be even more stable because it will not be attacked by SO 2 . Fluorine substitution for OH increases amphibole stability (see the discussion in Fegley and Treiman 1992) , but thermodynamic data are unavailable for F-OH amphibole solid solutions of interest to Venus (or for most F-OH amphiboles for that matter).
Third, the effect of SO 2 on amphibole stability can be calculated but is really unknown in terms of reaction kinetics and mechanisms. Our calculations predict that Ca-bearing amphiboles (e.g., pargasite and edenite) can be attacked by SO 2 to form anhydrite, water, and anhydrous Rossman (1992) . there after their formation in Venus's interior. The formae Bulk silicate Earth ϭ mantle, crust, oceans, and atmosphere with a mass of 4 ϫ 10 24 kg (about 67% by mass of the Earth), which is essentially tion of hydrous minerals requires reaction of water vapor the mass of the mantle.
with anhydrous minerals. For example, in the case of parf On the basis of the terrestrial 40 Ar budget, Jambon (1995) defines gasite, water vapor must react with diopside, forsterite, the degassed mantle as 50% of the entire mantle. nepheline, anorthite, and spinel, and at the same time the oxygen anions and the cations in these five minerals must rearrange to form pargasite. In the absence of liquid water This question is difficult to answer. On the one hand, or another fluid to speed up mass transport, the ionic migra-hydrous silicate formation in Venus's interior is probably tion proceeds via solid state diffusion. No kinetic data exist more favorable than on the surface. Chemical reactions for hydration of anhydrous minerals by water vapor at will proceed faster at the higher temperatures and presVenus conditions. However, ionic diffusion and hence hy-sures inside Venus than on the surface. On the other hand, drous silicate formation via gas-solid and solid-solid reac-hydrous silicate formation inside Venus is probably less tions is probably very slow at these temperatures. favorable than hydrous silicate formation inside Earth. Formation of micas and amphiboles in Venus's interior Table VII shows that the water content of Venus's interior is probably hindered by the availability of water. We calcu-is plausibly two orders of magnitude lower than that of lated earlier that the atmospheric water inventory on the silicate Earth (defined here as the oceans ϩ crust ϩ Venus is equivalent to only 2 ng water/gram rock, and mantle). In addition, on Earth subduction of oceanic lithohence the interior of Venus almost certainly contains many sphere brings water-bearing sediments and hydrated oceorders of magnitude more water than the atmosphere. anic slabs into the upper mantle. Also, on Earth, meteoric Current tentative estimates are in the range of 1-10 Ȑg and oceanic water can participate in hydrous silicate formawater/gram Venus rock, less than the (poorly constrained) tion in hydrothermal settings. amount of water (ȁ100-1000 Ȑg water/g rock) in the bulk
The plausible lack of liquid water in the venusian lithosilicate Earth or the ȁ300 Ȑg water/g rock in the degassed sphere and undersaturation of water in venusian magmas terrestrial mantle (Table VII) , and immediately raises the may exclude formation of magmatic hydrous minerals and question of whether the venusian interior is wet enough may also suppress local hydrothermal formation of hydrous minerals. On the other hand, the Venera 13 XRF analysis to form hydrous minerals.
suggesting subalkaline igneous rocks (Barsukov 1992) , the dehydroxylated phlogopite disappears and amorphous material is produced during the structural breakdown. proposed deficiency of quartz-bearing rocks (Hess and (5) Growth of new crystalline phases. This occurs in the Head 1990), and the suggested oxidized character of the same temperature range as structural breakdown. Phlogocrust and surface (Zolotov 1996; Fegley et al. 1997) are pite decomposition in hydrothermal bombs at 900-1010ЊC factors that favor the formation of alkali amphiboles and and 100-400 bars yields kalsilite, forsterite, leucite, and eastonite-phlogopite micas during regional and/or contact water (Yoder and Eugster 1954; Wones 1967 ). Chandra metamorphism. We conclude that formation of hydrous and Lokanathan (1982, 1988) used Mö ssbauer spectrossilicates in Venus's interior is more favorable than by chemcopy to study biotite and Fe-bearing phlogopite decompoical weathering on Venus's surface, but much less favorable sition. They reported that micas decomposed to hematite than in the terrestrial crust and mantle.
and/or Fe-bearing spinels. Litsarev et al. (1992) reported Dehydration kinetics and mechanisms. Dehydration ki-leucite and forsterite from decomposition of OHnetics of hydrous silicates on Venus's surface are important phlogopite. because sufficiently slow dehydration kinetics may lead to preservation of fossil hydrous minerals from Venus's Less work has been done on amphibole dehydration interior and/or from chemical weathering on the surface kinetics and mechanisms, with the focus on crocidolite during a cooler, wetter period in Venus's past. The dehy-(fibrous riebeckite) and amosite (fibrous grunerite) because of their economic importance (Hodgson et al. 1965 ; dration kinetics of hydrous silicates are also important for Freeman 1966; Clark and Freeman 1967; Ghose 1981) . climate modeling because the water evolved is released to Crocidolite breakdown occurs via four stages with inthe atmosphere. Finally, the dehydration mechanisms are creasing temperature, analogous to mica decomposition: also important because metastable intermediates, which
(1) escape of nonstructural water at 50-400ЊC, (2) exotherpersist for some period of time and perhaps are characterismic evolution of H 2 and oxidation of most Fe 2ϩ to Fe 3ϩ , tic of the original hydrous phases, may also be produced.
probably via proton and electron migration, and formation Although there are some discrepancies between results of an oxyamphibole at 300-450ЊC, (3) endothermic dehyfrom different groups, studies by thermogravimetric and droxylation to an anhydrous amphibole with a crystal strucdifferential thermal analysis, X-ray diffraction, infrared, ture similar to the starting material at 500-700ЊC, and (4) and Mö ssbauer spectroscopy of phlogopite and biotite destructural breakdown of the dehydroxylated crocidolite to hydration in air, inert gas (N 2 , Ar), vacuum, and reducing acmite, cristobalite, a spinel, and liquid at about 800ЊC atmospheres show that the overall reaction proceeds via (heating in N 2 , Ar) or to acmite, hematite, cristobalite, four or five stages with increasing temperature (Vedder and a spinel at about 600-950ЊC (heating in O 2 , air). The and Wilkins 1969; Rouxhet 1970; Hogg and Meads 1975;  second step, H 2 evolution and Fe 2ϩ oxidation, occurs during Metsik et al. 1982; Lokanathan 1982, 1988;  heating in O 2 and air, but not during heating in N 2 or Ar. Litsarev et al. 1992) : Also, the dehydroxylation step overlaps Fe 2ϩ oxidation (1) Escape of nonstructural water at low temperatures during heating in O 2 or air. In vacuo, crocidolite dehydrox-(generally below about 150-200ЊC, although some non-ylation occurs at 550-700ЊC with an activation energy of structural water can be retained until higher temperatures) about 205 kJ mol Ϫ1 and is diffusion controlled by radial (2) Oxidation of Fe 2ϩ to Fe 3ϩ in different crystallo-diffusion (of water through the product layer?) out of a graphic sites, loss of H 2 (deprotonation), and formation of cylinder (Clark and Freeman 1967) . However, the kinetics oxymicas above ȁ200ЊC. This stage occurs for biotite and and activation energy of the decomposition of the anhyFe-bearing phlogopite heated in air, but does not occur drous amphibole have not been studied. when these minerals are heated in inert gas (N 2 , Ar), vacIn contrast, the work of Hodgson et al. (1965) shows that uum, or a reducing atmosphere (in a graphite crucible).
amosite dehydroxylation and decomposition occur concur-(3) Loss of structural hydroxyl (dehydroxylation) at rently instead of consecutively. Nonstructural water is lost temperatures above about 500ЊC. This stage may overlap below 500ЊC and endothermic dehydroxylation starts at stage (2) to some extent. A dehydroxylated phlogopite, 500ЊC during static heating in N 2 or Ar. Decomposition to which preserves the original phlogopite structure to some pyroxene and other phases occurs in the same temperature extent (e.g., a similar XRD pattern but with smaller inter-range. At about 1000ЊC the anhydrous amphibole decomlayer distance) is produced, and can be rehydroxylated poses to olivine and cristobalite and then melts (1100ЊC). to phlogopite.
During static heating in O 2 or air, nonstructural water is (4) Structural breakdown of the dehydroxylated phlog-again lost below 500ЊC and at 350-1200ЊC overlapping opite at high temperatures: 1060-1160ЊC (Chandra and oxidation-dehydrogenation, dehydroxylation, and decomLokanathan 1988); 1080ЊC (Vedder and Wilkins 1969) ; position reactions occur. An oxyamphibole is the main product formed in the 350-800ЊC range. A spinel, hema-1030-1265ЊC (Litsarev et al. 1992) . The XRD pattern of tite, a pyroxene, and amorphous material are the main surement of hydrogen, hydroxyl, and water, and (2) mineralogical analyses. We consider them in turn below. decomposition products at 800-1100ЊC. Tremolite decomIn situ neutron spectroscopy for detecting hydrogen on position is apparently similar to amosite decomposition, Mars has been extensively discussed and neutron specbut less work has been done on this (Freeman and Taylor trometers were included in the aborted Phobos and Mars 1960; Freeman 1966 Litsarev et al. 1992) and high Mg/Fe ratios Venus. However, the samples should be heated at least to in amphiboles (Freeman 1966) lead to greater thermal 1200ЊC for detecting water from the micas and alkaline stability. This is in agreement with petrologic phase equilibamphiboles proposed to be present on Venus. The evolved ria summarized by Hewitt and Wones (1984) and Gilbert gases could be analyzed by gas chromatography or mass et al. (1982) , with our thermodynamic calculations, and spectroscopy, since one of these instruments would probawith calculations by Fegley and Treiman (1992) . Second, bly be included on the spacecraft for chemical analyses of the data show that phlogopite has a higher thermal stability atmospheric gases. A TGA/DTA evolved gas analyzer than muscovite (Vedder and Wilkins 1969) . These results would be useful for detecting hydrous minerals, carbonalso agree with our thermodynamic calculations. Third, ates, sulfates, and sulfides. On the other hand, this type the experiments suggest that dehydroxylated micas and of experiment is not optimal for identifying volatile-free amphiboles and for Fe-bearing minerals, oxymicas and minerals or for constraining the oxidation state of rocks. oxyamphiboles, could be formed on Venus's surface (as Instead, experiments in the second category, mineralogimetastable phases) instead of the thermodynamically precal analyses, are preferable. X-ray diffraction (XRD) could dicted decomposition products. The (metastable) dehybe used to identify both volatile-free and volatile-bearing droxylated minerals and oxy minerals may persist for some minerals. Development of a spacecraft X-ray diffractoperiod of time. However, experimental work needs to be meter involves significant (but not insurmountable) chaldone on mica and amphibole decomposition in CO 2 and lenges including sample acquisition and preparation, and CO 2 gas mixtures relevant to Venus. Last, the experiments development of low mass, low power X-ray sources (e.g., show that dehydroxylated micas can easily be rehydroxyl- Blake et al. 1997) . In addition, it is difficult to distinguish ated to yield the original micas (Vedder and Wilkins 1969;  between the hydroxylated, dehydroxylated, and oxy forms Rouxhet 1970) .
of phlogopitic micas and fibrous alkali amphiboles because Work needs to be done on rehydroxylation of dehydroxthe X-ray patterns are similar. However, an internal caliylated amphiboles such as hornblendes, alkali amphiboles, bration should remove this problem. In the laboratory this and tremolite to assess the importance of these fossil is done by adding Si powder to samples, although a differweathering products. Dehydroxylated micas (and possibly ent method possibly could be used in the spacecraft experidehydroxylated amphiboles) on Venus's surface may be ment. We refer the reader to descriptions of a prototype transformed back into OH-bearing phases during cooler, XRD/XRF spacecraft instrument (Blake et al. 1994 (Blake et al. , 1997 . wetter periods on Venus or possibly after large injections Mineral spectroscopy in the gamma ray (Mö ssbauer of water vapor from volcanism or impacts. Alternatively, spectroscopy), UV, visible, and IR regions is also very as suggested by a referee, massive injections of water vapor useful. Mö ssbauer (MB) spectroscopy can identify Femay lead to higher temperatures, due to the greenhouse bearing minerals and provide much information on Fe 2ϩ / effect of water vapor, and decrease hydrous mineral stabilFe 3ϩ ratios and site occupancies (Klingelhö fer et al. 1995) . ity. Detailed theoretical modeling is necessary to clarify UV and visible spectroscopy give information on the oxidathe effect of large water vapor injections from volcanism tion state and crystal sites of metal ions (e.g., Fe 2ϩ , Fe 3ϩ ) or impacts on hydrous mineral stability.
in minerals and can identify Fe-bearing minerals (anhyDetection of hydrous silicates on Venus. The detection drous and hydrous) (Rossman 1988a) . But neither MB nor of hydrous minerals, or the metastable dehydroxylated and UV-visible spectroscopy directly measure OH or water in oxy intermediates, or OH-bearing nominally anhydrous minerals, although both spectroscopic methods are very minerals on Venus would be very important. Thus we useful in several respects. briefly assess spacecraft experiments that could be used Infrared reflectance spectroscopy seems to be the best on lander, penetrator, probe, or automated balloon mis-method for in situ detection of OH-bearing minerals. Infrasions for the detection of hydrous silicates on Venus. These red reflectance spectroscopy can be used to distinguish between physically absorbed water, water in fluid incluexperiments fall into two categories: (1) detection and mea-sions, and chemically bound water in minerals, to identify droxyl in bulk silicate Venus, even without any hydrous minerals being present. micas and amphiboles, estimate their chemical composiEven though BSV plausibly contains only 1% of the tion, and determine the ordering state of the minerals amount of water in the bulk silicate Earth (Table VII) , (Rossman 1984 (Rossman , 1988b . In addition, transmission infrared this amount of water is still substantial when compared to spectroscopy can be used to measure the OH and water the atmospheric water inventory. For example, Namiki content of minerals (e.g., Bell and Rossman 1992) . Funda-(1995) estimated Ͻ15 Ȑg H 2 O/g rock in Venus's mantle mental OH absorption bands occur in the 2.6-3.0 Ȑm reand noted that this upper limit falls within the 5-35 Ȑg gion and measurements with high spectral resolution in H 2 O/g rock left in residual peridotite after basalt extracthis region are probably the best way to detect hydrous tion. Namiki's upper limit (15 Ȑg/g) corresponds to about minerals on Venus' surface. Amphiboles and micas have 7,500 times more water than in Venus's atmosphere, while characteristic OH bands at 2.7-2.8 Ȑm (Rossman 1984 , the lower value (5 Ȑg/g) for water in residual peridotite 1988b; Hawthorne 1981; Salisbury et al. 1991) , with slightly is still 2,500 times larger than the atmospheric water indifferent band positions and shapes giving information on ventory. the mineral and the cations bound to the OH groups. Much Venus's interior is probably the largest reservoir of water work, including systematic studies of IR absorptions of the on the planet and has probably played an important role predicted micas and amphiboles as a function of particle in the outgassing of water on Venus over geologic time size, Mg/Fe, and F/OH content needs to be done to deand in the climatic evolution of Venus. However, it is velop imaging IR spectroscopy experiments for future unlikely that all of the water currently in Venus's interior space missions. The interference from thermal radiation can exchange with the atmosphere on a short timescale on Venus also needs to be minimized or subtracted from (or at all). It is more plausible that only a smaller fraction the data.
of the total water inside Venus can degas or can exchange Although each technique has its own advantages, a comwith the atmosphere. For example, on Earth, the degassed bination of infrared reflectance spectroscopy, imaging, and mantle may be 50% by mass of the entire mantle (Jambon XRD-XRF analyses is really needed to distinguish be-1995). However it is very difficult to constrain the fraction tween soil and rocks, provide geological context, identify of Venus' interior that may have degassed (e.g., Namiki the minerals present, and measure the bulk elemental 1995). Instead of doing this we have calculated the amount abundances at one or more sites. With the inclusion of a of water-bearing rock needed to balance the atmospheric Mö ssbauer spectrometer, the Fe-bearing mineralogy and water inventory. Figure 4 shows our results as a function the oxidation state of Venus's surface could also be meaof the water content and density of the rock. If the surface sured.
and ''crust'' of Venus are relatively water-rich, containing Water and hydroxyl in Venus. Finally we consider how as much water as in terrestrial mid-ocean ridge basalt much water may be in bulk silicate Venus (the silicate (MORB) glasses, then a few meters to few tens of meters portion of the planet, denoted BSV), even in the absence of rock contain as much water as Venus's atmosphere. If of any hydrous minerals. Water and hydroxyl are present the surface and ''crust'' of Venus are relatively water-poor, in several forms (as dissolved species, as vapor in gas inclu-containing only as much water as in residual peridotite, sions, in defects, etc.) in minerals and glass in terrestrial then several hundred meters to a kilometer of rock is rocks and not only as hydrous minerals (Ihinger et al. 1995;  needed to match the atmospheric water inventory. Based McMillan 1995).
on the observed abundances of water and hydroxyl in ''anFor example, Bell and Rossman (1992) discuss OH hydrous'' minerals in Earth's mantle (Bell and Rossman (hydroxyl) in nominally anhydrous minerals in the Earth's 1992), we conclude that the latter case is certainly reasonmantle. Water or hydroxyl has been detected in many able. The former case also cannot be ruled out, depending silicate and oxide minerals (e.g., the Al 2 SiO 5 polymorphs on whether or not any hydrous minerals are stable on (kyanite, andalusite, and sillimanite), feldspars, garnets, Venus's surface. olivine, ortho-and clinopyroxenes, quartz, rutile, scapolite, titanite, and zircon). Hydroxyl contents determined by IR SUMMARY spectroscopy of nominally anhydrous minerals in mantle xenoliths range from a few to ȁ140 Ȑg H 2 O/g rock in Table VIII summarizes our thermodynamic evaluations olivine, about 50-200 Ȑg H 2 O/g rock in orthopyroxene of pure hydrous mineral stability on Venus. Because of (with one sample at 460 Ȑg/g), about 150-1080 Ȑg H 2 O/g the high surface temperature and low water vapor content rock in clinopyroxene, and Ͻ5 to about 51 Ȑg H 2 O/g rock of the atmosphere, most of the hydrous silicates we considin garnet (Bell and Rossman 1992) . The ubiquitous pres-ered are thermodynamically unstable and can dehydrate ence of OH and water in ''anhydrous'' minerals from ter-to water vapor and anhydrous minerals. In addition, Fe 2ϩ -bearing hydrous silicates are susceptible to oxidation to restrial mantle xenoliths leads us to expect water and hy-At present, formation of hydrous minerals on Venus's surface is probably kinetically hindered because of slow cation solid state diffusion rates. Formation of hydrous minerals in the interior of Venus appears more favorable than formation on the surface, but is probably much less favorable than hydrous mineral formation in Earth's crust and mantle because of the deficiency of water on Venus. If, as suggested by some authors, there is a deficiency of silica, an oxidized crust, and an enrichment of alkali elements in Venus' lithosphere, the formation and preservation of alkali amphiboles and eastonite-phlogopite micas would be more favorable than formation of other hydrous minerals. On Earth, phlogopitic micas and alkali amphiboles are important hydrous minerals in the mantle.
Laboratory studies of the dehydration of phlogopite, biotite, and muscovite micas and fibrous amphiboles show that dehydration proceeds in several stages. After the loss of nonstructural (e.g., adsorbed) water, metastable dehydroxylated anhydrides are produced. The anhydrides then decompose to more stable minerals at temperatures hundreds of degrees above the onset of dehydroxylation (e.g., above about 1000ЊC for phlogopite). Iron-bearing micas  FIG. 4 . The amount of rock (in meters depth) needed to balance and amphiboles heated in oxidizing atmospheres also lose the amount of water in Venus' atmosphere (6 ϫ 10 15 kg) as a function of rock density and water content. The water contents of terrestrial MORB glasses, the MORB source region, residual peridotite, and the estimated water contents of Venusian magmas (Grinspoon 1993 ) and the
TABLE VIII
Venusian mantle (Namiki 1995) are also shown. For reference, the Venera hematite and/or magnetite because Venus's atmosphere, while extremely reducing (f O 2 ȁ 10 Ϫ21 bars at 740 K), is still too oxidizing for Fe 2ϩ -hydrous silicates to be stable. Likewise, Ca-bearing hydrous silicates are unstable due to sulfatization to form anhydrite. On the other hand, several Ca-and Fe 2ϩ -free alkali amphiboles and micas may be stable, particularly in the cooler highlands. However, magnesioriebeckite and eastonite cannot be stable in the same locality because magnesioriebeckite requires a low Al chemical potential while eastonite requires a high Al chemical potential. The two minerals may be stable in different locations with different Al contents.
Summary of Thermodynamic Stability of Hydrous
Experimental phase equilibria, geologic occurrences, our calculations, and calculations by show -, and F-enriched solid solutions of phlogopitic micas and alkali amphiboles may exist on Venus. However, detailed predictions are difficult to make because in most cases some of the necessary thermodynamic data are lacking.
H 2 and form oxymicas and oxyamphiboles. The laboratory Bertaux, J. L., T. Widemann, A. Hauchecorne, V. I. Moroz, and A. P.
Ekonomov 1996. Vega-1 and Vega-2 entry probes: An investigation studies suggest that metastable anhydrides and oxy-phases of local UV absorption (220-400 nm) in the atmosphere of Venus (SO 2 , may be formed during dehydration of hydrous silicates on aerosols, cloud structure). J. Geophys. Res. Planets 101, 12, 745. Venus. These anhydrous phases may exist for some time 
